Abstract The structure of ice-templated collagen scaffolds is sensitive to many factors. By adding 0.5 wt% of sodium chloride or sucrose to collagen slurries, scaffold structure could be tuned through changes in ice growth kinetics and interactions of the solute and collagen. With ionic solutes (sodium chloride) the entanglements of the collagen molecule decreased, leading to fibrous scaffolds with increased pore size and decreased attachment of chondrocytes. With non-ionic solutes (sucrose) ice growth was slowed, leading to significantly reduced pore size and upregulated cell attachment. This highlights the large changes in structure and biological function stimulated by solutes in ice-templating systems.
Introduction
Within tissue engineering, collagen scaffold architecture is key for determining the biological activity of a scaffold [1, 2] . The architecture is defined by the scaffold isotropy, whether it possesses pores with inherent directionality or is purely isotropic, and by the pore size. Both architectural features can be modified using ice-templating techniques, which are controlled by the crystallization of ice within an aqueous solution [3] . Scaffold anisotropy is determined at nucleation, while the final pore size is linked to crystal growth and annealing [4, 5] .
Ice nucleation and growth are sensitive to many factors, and literature has focused on altering set freezing protocols and mold design [1, 5] . In addition to these factors, ice crystallization is also sensitive to the amount and type of solutes present [3] . Solutes, such as sucrose and salts, slow ice crystal growth as their concentration in solution increases [6, 7] . Macromolecular solutes also decrease the ice growth rate as the concentration and the polymer molecular weight increase, an effect largely independent of viscosity [8] . Collagen slurry incorporates both types of solutes, consisting of insoluble collagen fibrils suspended within an aqueous solution. In practice, increasing collagen concentration within slurries leads to decreased pore size [4] . However, the composition of the aqueous solution and how it affects collagen slurry behavior, scaffold structure, and bioactivity has not been studied. It was hypothesized that the structure of collagen scaffolds could be modified with the addition of solutes. Two solutes were chosen: sodium chloride (NaCl), which is known to impact collagen structure and ice formation, and sucrose, which is a well studied non-ionic solute used as a model system to understand ice growth kinetics [6, 9] . Four suspensions of 1 wt% collagen were compared: no additives, 0.5 wt% sodium chloride (NaCl), 0.5 wt% sucrose, and 5 wt% sucrose, and the biological activity was tested in vitro using chondrocytes.
Experimental

Collagen slurry
Collagen slurry (1 wt%) was prepared by hydrating acidinsoluble bovine Achilles tendon, type I collagen (Sigma). in 0.05 M acetic acid containing: no additives, 0.5 wt% sucrose, 5 wt% sucrose and 0.5 wt% sodium chloride (NaCl). All slurries, adjusted to pH 2, were homogenized and frozen in stainless steel molds (filling height 5 mm). The slurry was cooled, at 0.9°C/min, to -30°C, held for 90 min, then lyophilized (Virtis, SP Industries). Scaffolds were washed for 1 h in deionized water and cross-linked via N-(3-dimethylamino propyl)-N 0 -ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) for 2 h in 70 % ethanol.
Scaffold characterization
Microscopy images were taken using a JEOL 820 (10 kV). X-ray tomography (Skyscan 1172) scans were used for pore sizing [4] . The pixel size for scans was 2.1 lm, and reconstructions were performed with NRecon (Skyscan). Average pore size was determined by line-intercept method [4] .
Slurry rheology
Rheological measurement was done using an ARES rheometer at 4°C using strain sweeps and frequency sweeps.
Cell isolation and seeding
Human chondrocytes were isolated from tissue removed during joint replacement. Ethical approval was obtained from Cambridgeshire 2 Research Ethics Committee. Briefly, minced cartilage was digested for 2 h in 0.2 % collagenase (Roche), at 37°C, in complete media (10 % fetal bovine serum, 2 mM glutamine, 1 lg/ml penicillin/ streptomycin, 0.001 lg/ml Amphotericin, 0.01 lg/ml gentamycin). Cells were washed in media, plated in monolayer culture, and used below passage 3.
Scaffolds with no additives, with 0.5 wt% sucrose and 0.5 wt% NaCl were tested. All scaffolds (5 9 5 9 2 mm) were sterilized for 1 h in 70 % ethanol and blotted on filter paper (Whatman) before seeding with 1 9 10 5 chondrocytes in 10 ll of complete media. Cells were incubated (5 % CO 2 , 37°C) for 2 h for cell attachment before flooding the wells.
Biological characterization
Cell number was evaluated via the Hoechst assay, after 1, 7, and 14 days [10] . Constructs were digested at 60°C in papain buffer [11] . Briefly, 10 ll of papain digest was added to Hoechst dye (Bisbenzimide H) for a final dye concentration of 0.1 lg/ml and fluorescence was measured (360 nm Ex, 460 nm Em). Metabolic activity was measured using an alamarBlue Ò assay (Invitrogen, UK) over 14 days. Samples were incubated for 4 h (37°C) in 10 % alamarBlue Ò and fluorescence was read. Protein expression at 14 days was analyzed using SDS-PAGE and Western blotting, as in Hernandez et al. [12] . Scaffolds were incubated in cell lysis buffer (Invitrogen) and mixed with sodium dodecyl-sulphate (SDS) sample buffer. Standards were prepared from human cartilage, snap frozen in liquid nitrogen, milled using a dismembrator (B Braun Biotech International GmbH), and suspended in cell lysis buffer (100 mg/ml). Scaffolds were probed for fibronectin (SC-9068, Santa Cruz Biotech), then stripped and reprobed for GAPDH as a control. Membranes were developed using ECL prime reagents (Amersham) and signal strength assessed using a densitometer.
Results
The collagen reacted strongly to the addition of an ionic solute, and after 0.5 wt% NaCl, the insoluble flakes came out of suspension. Thus 0.5 wt% was the limit of NaCl addition. Electrostatic interactions play a large role in the fibrillogenesis of collagen, with ionic additions retarding the rate of fibrillogenesis and altering the charge of collagen molecules within solutions [9, 13] . While the insoluble collagen used in the current study should not undergo fibrillogenesis, the charge on the molecules would still be sensitive to the addition of NaCl. In the case of sucrose addition, while the collagen remained in suspension after 5 wt% sucrose, excess sucrose crystallized onto the scaffold pore walls, Fig. 1 . After washing the scaffold to remove the sucrose, the collagen structure remained brittle and inelastic, and thus, experiments were only carried out using 0.5 wt% sucrose.
Slurry additives affected the scaffold structure significantly, Fig. 1 . With NaCl addition, the scaffold pore walls contained fine collagen fibrils, Fig. 1g , h, rather than the smooth walls in scaffolds with no addition or with 0.5 wt% sucrose. The range of mean pore size was also altered significantly. Addition of NaCl increased the range of pore sizes from 70-100 to 85-120 lm, while 0.5 wt% sucrose decreased the pore size distribution to 64-75 lm. The pore size within collagen scaffolds is related to the amount of ice growth and annealing which the structure undergoes around the equilibrium freezing temperature [5] . The addition of solutes such as sucrose or NaCl into an aqueous solution should reduce the rate of crystal growth and annealing [7] . However, the apparent size and shape of macromolecules also influences ice growth by mechanical hindrance at the crystal surface [8] . Reductions in the molecular weight of Fig. 1 Collagen scaffold structure and the rheological properties of the slurry were affected by solute additions. Addition of 0.5 wt% NaCl changed the conformation of the collagen, altering a the viscosity of the slurry, and b the storage (G 0 ) and elastic moduli (G 00 ).
Collagen scaffold structure with c no solute addition, d 0.5 wt% sucrose, and e 5 wt% sucrose and f 0.5 wt% NaCl; scale bar is 100 lm. The fibrillar structure of scaffolds with 0.5 wt% NaCl is clearly visible at higher magnification g 9400 and h 93,300
polymers, or the amount of entanglements among polymers, result in an increased ice growth rate [8] .
In the current study, the final scaffold pore size was due to the combination of ice growth rate alteration and changes to the collagen molecule, highlighting the importance of solute interactions when designing collagen slurries for tissue engineering. With sucrose addition, which did not affect the behavior of the collagen, pore size was smaller due to decreased ice annealing. However, with ionic additions, the shape of the collagen molecule was changed, as seen by the viscosity of the slurry, which decreased from 36.3 to 3.2 Pa-s, suggesting the collagen had fewer entanglements, Fig. 1 . The reduction of the molecular entanglements in the polymer offset the decrease in growth rate caused by salt addition and allowed the ice crystals to grow significantly larger. The addition of NaCl to the slurry also caused a significant decrease in the storage and loss moduli of the slurry.
Biological activity
The changes to scaffold structure with slurry additives were reflected in the biological activity of chondrocytes.
The metabolic activity of the cells remained unchanged with the addition of 0.5 wt% NaCl or 0.5 wt% sucrose to the collagen slurries, but cell number was significantly affected, even 1 day after seeding, Fig. 2 . As cell number appeared constant over the course of the study, solute addition appears to be altering the initial cell attachment. On all three scaffold types, chondrocytes retained the ability to adhere to the scaffolds, verified by the expression of fibronectin, an adhesive ECM protein, Fig. 2c .
Significant changes in cell attachment were apparent, but the relative contribution of scaffold architecture and chemical composition of the scaffold is not known. The cell culture medium itself contains high levels of both NaCl and sugars, making it unlikely that low levels of solute remaining in the scaffolds after washing were the cause of the biological changes. Instead, it has been shown in literature that cell attachment is highly dependent on the surface area for attachment, and thus the scaffold pore size [1] . Addition of 0.5 wt% sucrose to the scaffold decreased pore size and thus increased cell number significantly, while 0.5 wt% NaCl addition decreased cell number. The fibrillar structure of scaffolds with NaCl might also affect cell metabolism, as cells are known to respond to structural changes in their micro-environments, which could account for the lack of significant difference in metabolic activity on scaffolds with salt [14] .
Tailoring cell response by altering the properties of tissue engineering scaffolds is a major focus of regenerative medicine. Of the many properties which can be varied within ice-templated scaffolds, architectural cues have been shown to have a powerful effect on biological activity [2, 14] . The architecture of ice-templated scaffolds is dependent on the nucleation and growth of ice within the structure, which is, in turn, controlled by factors such as freezing protocol, mold design and slurry composition [3] . Research on collagen scaffolds has focused on altering the polymeric component of the slurry [15] . However, the composition of the aqueous solution also plays an important role in the slurry, as shown in the current study. The addition of NaCl and sucrose were found to affect the scaffold architecture, and therefore, the biological activity of chondrocytes, especially initial cell attachment. This study offers a new route by which tissue engineering scaffolds and their biological properties can be tailored.
Conclusions
The structure of ice-templated collagen scaffolds is controlled by the growth of ice during the solidification process. Ice crystallization is sensitive to many factors, including the composition of collagen slurry. In the current study, 0.5 wt% of sodium chloride or sucrose were added to collagen slurries. It was found that the final scaffold structure was influenced by both changes in ice growth kinetics and the interactions of the solute with the collagen. Sodium chloride, which reduced the viscosity of the slurry by decreasing the entanglements of the collagen molecule, led to scaffolds with significantly larger pore sizes and with fibrillar walls. Sucrose, which did not interact strongly with collagen, decreased the scaffold pore size by slowing ice crystal growth. Changing scaffold structure with additives also impacted the biological activity of the scaffolds. Addition of sodium chloride decreased the cell attachment of chondrocytes on the scaffolds significantly, while sucrose addition had the opposite effect. This study highlights the large changes in structure and biological function which can be stimulated by altering the aqueous component of collagen slurries.
